Rehabilitation engineering plays an important role in designing various autonomous robots to provide better therapeutic exercise to disabled patients. Hence it is necessary to study human musculoskeletal system and also needs to be presented in scientific manner in order to describe and analyze the biomechanics of human body motion. This review focuses on lower appendicular musculoskeletal structure of human body to represent joints and links architectures; to identify muscle attachments and functions; and to illustrate muscle groups which are responsible for a particular joint movement. Firstly, human lower skeletal structure, linking systems, joint mechanisms, and their functions are described with a conceptual representation of joint architecture of human skeleton. This section also represents joints and limbs by comparing with mechanical systems. Characteristics of ligaments and their functions to construct skeletal joints are also discussed briefly in this part. Secondly, the study focuses on muscular system of human lower limbs where muscle structure, functions, roles in moving endoskeleton structure, and supporting mechanisms are presented ellaborately. Thirdly, muscle groups are tabulated based on functions that provide mobility to different joints of lower limbs. Finally, for a particular movement action of lower extremity, muscles are also grouped and tabulated to have a better understanding on functions of individual muscle. Basically the study presents an overview of the structure of human lower limbs by characterizing and classifying skeletal and muscular systems.
INTRODUCTION
Stroke is one of the major causes for morbidity and disability, both in the developed and developing countries [1] . It is a common neurological disorder that causes post-stroke depression among survivors. Many survivors suffer from physical and psychological disabilities. One study presents that 66% of 80 stroke patients were in post-stroke depression where 51% were in mild, 11% were in moderate and 4% were in severe condition [2] . About 15 million people globally suffer from stroke where 5 million people die and 5 million become permanently disabled [3, 4] . Neurological impairment of post-stroke patient often conducts to hemiparesis (partial paralysis of one side of body). Hemiparesis can lead to profoundly impaired functional performance of daily activities such as running, walking, standing, speaking, and eating. It is observed that, at 6 months of post-stroke, about 50% of survivors get hemiplegia, 30% are unable to walk and 26% become dependent for their daily activities [5] .
Nowadays robot assisted therapy is increasingly attractive in stroke rehabilitation both for upper and lower limbs of human body [6, 7] . Robotic systems unfold a wide range of opportunities to study on functional adaptation of various limbs of post-stroke patients [8] [9] [10] . Robotic tools also provide opportunity to observe and measure improvements of functionality of a particular muscle as well as limbs [11] [12] [13] [14] . Robot assisted therapy for lower limbs shows successful improvements in functional limitations of stroke patients with reduction of motor impairments [5, 15] . Basically, robotic skeletal arm provides external force to perform limb motions of lower extremity so that muscle and joint system mobility remains active. This therapeutic exercise also improves the nervous system of human lower limbs. The activity can be represented in a block diagram as presented in Fig. 1 . It is very important to keep in mind that simply movement (passive exercise) of impaired limbs do not provide maximum recovery level for a stroke patient. Recognition of cortical functionalities, feedback control, and learning of motors are also involved in intense use of impaired limbs. Studies on the response of complex biological systems, in terms of its mechanics and electronics, is the focus of biomechatronics engineering. Therefore, understanding musculoskeletal structure of biological systems especially the human body becomes very important in biomechatronics engineering research. In this review, only musculoskeletal structure of human lower extremity is studied to present endoskeletal joint structures, muscle attachments, muscle groups, and muscle functionalities of a particular movement of lower limbs. Studies on biomechanics and biomechatronics of musculoskeletal system provides better understanding of joint movements, trajectories, joint functions, and dynamic properties of biological systems [16] . Appropriate design of various mechanical and robotic systems such as artificial joint, orthotic devices, medical therapeutic devices, robot assisted system, exoskeleton etc. are also required for a proper analysis and understanding of musculoskeletal systems [17] and functions of biological systems so that any secondary injury can be avoided.
SKELETAL SYSTEM OF HUMAN LOWER LIMBS
The human musculoskeletal system has a primary responsibility to interact with physical environment to produce normal movement. Balancing body and normal locomotion, especially walking, are ensured by proper functioning musculoskeletal structure of the lower limbs of human body. The lower limbs also support superior parts of a body such as neck, head, and torso. Basically, human body is the accumulation of a number of independent systems. Holding structure and balancing body movements are controlled by nervous system, vascular system, skeletal system, muscular system, ligaments, and tendons [18] . For the purpose of lower limbs rehabilitation, it is important to understand the functions of lower torso of human body as well as functions of independent systems of musculoskeletal structure. Study on functions of lower extremity not only focuses on a single joint movement, but also refers to the structure and behavior of limbs, pelvis, and trunk [18] . Figure 2 presents structure of human endoskeletal system. on the lower extremity of the system [22] .
Human body musculoskeletal structure is formed based on endoskeleton of human body that consists of rigid bones. Skeletal system not only provides structural support but also ensures protection, functions as levers, works as storage (of minerals and fats), and helps in blood cell formation [18] . Lower extremity of human skeletal system consists of pelvic girdle segment, thigh (proximal segment), shank (distal segment/lower leg), and foot. Connection portions of segments are called joints. Most of the joints of lower limbs are synovial joints (joint so articulated as to move freely) with cavities that contain synovial fluid [18, 19] . All of these joints are almost frictionless (Fr ≈ 0) comparing to any other systems in the World and are also highly efficient shock absorbers [19] . Hip, knee, and ankle are the largest articulated joints of lower extremity of human endoskeleton. These joints are holding segments (bones) in place through a system of cartilage, tendons, and ligaments [18] [19] [20] . Figure 3 shows a conceptual architecture of the joints of human musculo-skeletal system. 
Pelvis Girdle
Between torso and lower limbs, pelvic girdle plays an important role as a crucial linking system that acts as a fulcrum in between actions of upper and lower extremities [18, 19] . Movement of one leg is counter balanced by other leg through the anatomical structure of pelvic. Hip joint mechanism of musculoskeletal system is structurally supported by the pelvic girdle [20, 21] . Pelvis is formed by three bones; Ilium, Ischium, and pubic symphysis [21, 22] as shown in Fig. 4(a) . Pubic symphysis is a kind of cartilaginous joint. This type of joint has slight movement capability which separates articulating surface of contingent bones [22] . This type of joint exists between bodies of vertebrae and also in structure of ribcage. Slight movement capability of joint allows pelvic girdle work as a suspension system while walking, running, and jumping especially on uneven surface. 
Hip Joint (Coxal Joint)
Joint that is formed at the meeting point of femur head and hip's acetabulum socket is a perfect example of ball and socket joint as presented in Fig. 4(b) . This is a type of synovial joint (diarthrotic joint) that allows triaxial movement of lower limbs. Synovial joints are the most mobile comparing to all other joints in human skeleton [22] . Triaxial movement of lower limbs can be characterized as flexion, extension, abduction, adduction, medial rotation, lateral rotation, and circumduction. Figure 5 shows the ligaments of pelvis and hip structure of human endoskeleton. 
Knee Joint (Tibiofemoral Joint)
Lower portion of femur and upper side of tibia (shin bone) are connected together with multiple ligaments at knee joint. There is a small bone at the anterior portion of knee joint which is called as patella. These three bones form the synovial joint (diarthrotic joint) for knee which is an example of a hinge joint with ellipsoidal shape allowing roll and glide movement capability [18, 19, 22] . Patella has sliding movement capability on femoral groove as it is connected with tibia through Patella tendon at the bottom side and with quadriceps muscles through quadriceps tendon on the upper side [23] . Articular cartilage at the surface of opposing bones provides principal interface of articulation [25] .
Multiple ligaments at knee ensure stability of the joint [24] . Furthermore, lateral and medial meniscus (have loose peripheral attachment to the joint capsule) of knee joint provide extra structural support. Studies show that meniscus has about 50% of intrinsic elastic modulus and 10% to 16% of permeability of articular cartilage [19] . So, compressive viscoelastic creep behavior of meniscus is regulated, to a great extent, by interstitial fluid that flows through tissue during compression. Two characteristics, low compressive stiffness and low permeability, of menisci prove that the system is able to function as a robust and efficient shock absorber. Most of the mechanical shocks are generated at knee joint and absorbed by meniscus. Total mass of menisci is much greater than articular cartilage-bearing load across knee joint (femoromeniscotibial articulation) [19] . Deformable characteristic of menisci with low compressive, shear stiffness, and permeability ensures well distribution of load at knee joint.
Tibiofemoral joint (knee joint) allows one degree of freedom (DoF) of movement which can be characterized as flexion and extension [22] . Knee joint also allows a slight medial and lateral rotation which characterize the joint as biaxial (2 DoF) [18] . 
Leg (Syndesmosis)
Leg of human skeleton is formed with two bones, tibia and fibula. These two bones are also firmly attached by interosseus membrane and ligaments. This is fibrous type joint called syndesmosis [22] . This type of joint is more stable as bones are connected tightly together and there is a little (or no) movement at this joint. 
Ankle Joint (Talocrural Articulation)
Connection point between lower leg and foot is called ankle joint which also works like a hinge joint. Medial malleolus and lateral malleolus of ankle joint are formed by inferior portion of two bones, tibia and fibula, of leg. Both malleolus of ankle is connected and attached to main ankle-foot tarsal bone called talus. Ankle joint is uniaxial and has only one DoF. Mobility of ankle joint is characterized as planter flexion and dorsiflexion [18, 26] . These movement capabilities of ankle hinge joint drive body forward or backward on sagittal plane.
Foot is one of the most mobile structures having complex joint mechanisms that supports body to absorb shock of ground contact force and adapt with various surfaces [26] . Complex multi joint structure has in total of seven tarsal bones which ensure triaxial movement (3 DoF) of a foot. As a result, foot movements are also characterized as inversion and eversion. These tarsal bones are attached to each other such as, Talas with Calcaneus (heel bone), Talas with Navicular, Calcaneus with Cuboid, Calcaneus with Navicular, Navicular with three Cuneiforms (medial, internal and lateral), Navicular with Cuboid, and cuneiform bones with each other. Calcaneus bone of tarsal group supports almost 50% of total body weight [18, 26] . Skeletal structure of a foot is presented in Fig. 10 .
Tarso-metatarsal joint comprises four tarsal bones (three cuneiforms and cuboid) connected to five metatarsal bones of toes as shown in Fig. 10 . First three metatarsal bones are connected with three cuneiform bones accordingly. Fourth metatarsal is connected with both lateral cuneiform and cuboid bones. Finally, lateral metatarsal is solely connected to cuboid tarsal [18, 26] . First and second metatarsals support about 25% of total body weight. Rest of the body weight (about 25%) is absorbed by 3 rd , 4 th , and 5 th metatarsals [18] . Figure  11 to 14 show ligament structure of a foot skeleton. Phalanges of five toes are contacted with five metatarsal bones where each of the phalanges, from 2 nd to 5 th has three bones (proximal phalanx, middle phalanx, and distal phalanx) and 1 st one has two bones, proximal phalanx and distal phalanx, as presented in Fig. 10 . Phalange joints are also considered as hinge joints having 1 DoF and movements are characterized as flexion and extension. 
MUSCULAR SYSTEM OF HUMAN LOWER LIMBS
Skeletal muscle plays an important role in protecting endoskeleton against injury, producing joint movements and locomotion. Skeletal muscle forms about 40% to 45% of total body weight [21] . Rudimentary structural element of skeletal muscle is muscle fiber, a single cell, which is apparently very long but usually shorter than individual muscle [21] . Each fiber is surrounded by endomysium layer and fibers are bundled together called fascicles. Fascicles are surrounded by perimysium and finally multiple perimysium are layered by epimysium which is tough enough, friction less, and anchors muscle fibers to tendons at both ends of a muscle. Other end of each tendon is attached with endoskeleton. A muscle could be attached with bones through one or more joints [18, 21, 27] . Figure 15 and 16 present conceptual architecture and anatomy of skeletal muscle respectively. Primary uses of skeletal muscles of lower extremity are leverage and locomotion by exerting a pull on bones. During both dynamic activities and static posture, skeletal muscle plays a significant role to stabilize skeletal segments and joint structures [18] . Skeletal muscles, such as abdominal muscle, protect underlying structure and organs of human body. Other two important activities of skeletal muscles are, producing body heat (thermogenesis), and vascular pumping. About 75% of total energy generated by muscle tissue is heat which keeps the body warm [27] . On the other hand, contraction of skeletal muscle helps to propel fluids of lymphatic vessels and veins having comparatively low pressure than arteries. Basically, skeletal muscle congregates properties of extensibility (stretching without sustaining damage), elasticity (ability to return to its original shape), excitability (ability to response to a stimulus by generating electrical signals), conductivity (ability to propagate electrical signals), and contractility (ability to produce force by shorten or thicken), which ensures unique ability of skeletal muscles.
Endoskeleton is a multi-joint system of rigid bones acting as levers and with the muscle system it produces internal forces to move it. This mechanism is comparable with a composite system of levers [27] where joints act as axes of levers. Common resistances (external opposite force) of muscle force are gravity and friction. There are three types of levers in human musculoskeletal system, (a) First-class lever, (b) Second-class lever, and (c) Third-class lever [27, 28] . In a first-class lever axis is in between the force and the resistance, can be represented as Force-Axis-Resistance (FAR). This type of lever mechanism is used in skeletal structure for balancing. A second-class lever is ForceResistance-Axis (FRA) type where resistance is in the middle of force and axis. This type of lever mechanism is found at ankle joint when a human being try to stand on the tips of their feet. Second-class lever is very powerful in terms of motion range and speed. Finally, third-class lever mechanism has force in between resistance and axis, reflecting ResistanceForce-Axis (RFA) type. This is the most common type of lever found in human musculoskeletal structure. Knee joint movements are managed by this type of lever mechanism.
Muscles of lower extremity can be grouped depending on various criteria such as, (a) corresponding segments [18] , (b) actions or movements [23] , (c) innervation [23] , (d) corresponding joints [29] etc. Figure 17 and 18 show muscles of the lower musculoskeletal system of a human body. Muscles acting on various joints of the lower extremity of a human body are grouped and characterized based on their functions of particular joint movements, as presented in Table 1, Table 2, and Table 3 . Muscles are also characterized based on their attachments, origins (O) and insertions (I), with corresponding bones, and their innervation system. In terms of robotic therapy systems, these significant characteristics are very important to understand the complex system of humanoid lower extremity. Movements of joints occur along any of three section planes of human body, Sagittal plane (Lateral plane), Frontal plane (Coronal plane), and Transverse plane (Axial plane) [28, 33] . Each of these three planes has corresponding axis around which a particular movement occurs. Movements, Flexion and Extension (front-back) occur on Sagittal plane along Frontal axis, Abduction and Adduction (side-side) occur on Frontal plane along Sagittal axis, and rotational movements, Lateral rotation and Medial rotation, occur on Transverse plane along Longitudinal axis. Muscles that are involved in particular movements of limbs can be grouped together to identify and monitor performances of affected muscles during rehabilitation or therapy. Muscle groups are presented in Table 4 , Table 5 , and Table 6 , according to the movements of the lower extremity of a human body. Table 4 : Hip joint movements and muscle groups [23, 32] 
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Intrafusal fiber is a special muscle fiber of muscle spindle which is surrounded by a coil of sensory nerve endings, 'Gamma motor neuron' and 'Afferent fibers'. Muscle spindles are special nerves distributed in muscles and tendons that monitor stimuli regarding changes of position, movement, and magnitude of stretch of muscle tissues [27] . If any external force is applied, 'Extrafusal fibers' of muscle spindle acknowledge 'Alpha motor neuron' to adjust length of muscles in order to protect muscle fiber from damage. This reaction is known as Myotatic Reflex. On the other hand, tension of muscle spindle is adapted by 'Gamma motor neurons' to manage length monitoring function [27, 34] . In terms of therapy, it is important to consider that a fast or strong force or stretch that cross a certain limit may cause potential damage of tissues [27, 34] . Force-velocity relationship of muscle shows inverse characteristics as increment of external force will decrease motion velocity [35, 36] . So, it is important to consider and analyze these biological functions and reactions in designing robot assisted rehabilitation systems.
CONCLUSION
The main focus of lower limbs rehabilitation is to maintain normal mobility of lower extremity joints by providing external force in harmony to ensure repetitive and persistent movement actions within the range of musculoskeletal motion. Therefore, the lower extremity maintains its normal functions instead of muscles being shrunk and will improve muscle performance as well as the nervous system. As an automated rehabilitation system should provide better facility to do exercise without any risk of accident or secondary injury, it is very important to study human musculoskeletal structure. Considering this point, the review presents a basic overview on musculoskeletal structure of human lower limbs by characterizing and classifying skeletal and muscular system based on various types of functionalities, movements, and joint architecture.
